We have developed a rat model of single, sub-lethal thoracic irradiation. Our irradiation protocol is considered representative of exposures near the detonation site of a dirty bomb or small nuclear device. The model is being used to investigate techniques for identifying, triaging and treating possible victims. In addition to physiological markers of right ventricular hypertrophy, pulmonary vascular resistance, and arterial distensibility, we present two methods for quantifying microvascular density. We used methods including microfocal X-ray imaging to investigate changes in lung structure/function resulting from radiation exposure. Radiation pneumonitis is a complication in subjects receiving thoracic irradiation. A radiographic hallmark of acute radiation pneumonitis is a diffuse infiltrate corresponding to the radiation treatment field. We describe two methods for quantifying small artery dropout that occurs in the model at the same time-period. Rats were examined 3-days, 2-weeks, 1-month (m), 2-m, 5-m, and 12-m post-irradiation and compared with aged-matched controls. Right ventricular hypertrophy and increases in pulmonary vascular resistance were present during the pneumonitis phase. Vascular injury was dependent on dose and post-irradiation duration. Rats irradiated with 5 Gy had few detectable changes, whereas 10 Gy resulted in a significant decrease in both microvascular density and arterial distensibility around 2-m, the decrease in each lessening, but extending through 12-m. In conclusion, rats irradiated with a 10 Gy dose had changes in vascular structure concurrent with the onset of radiation pneumonitis that were detectable with our imaging techniques and these structural changes persist after resolution of the pneumonitis.
INTRODUCTION
Currently there are limited radioprotectors, therapeutics, and prophylactic treatments that are safe and effective to prepare patients or personnel before they are knowingly exposed to radiation, and there are no 'retrospective' agents approved for use to mitigate injury from radiation exposure after the fact. The threat of nuclear or radiological terrorism along with the broadening role of radiation therapy in oncology establishes imperatives to develop countermeasures to quantify exposure, mitigate effects before injury becomes evident, and treat injuries as symptoms ensue. Ideally, radioprotectors and therapeutics should be safe in multiple doses for all populations, chemically stable, easily administered, and rapidly effective. In addition, the new preparedness and response paradigm, eliminates agents that work only when given before radiation exposure and desperately requires methods to triage mass casualties and perform accurate biodosimetry in the scenario of radiological dispersal to reduce overwhelming medical facilities by eliminate concerned 'victims' who have not actually been exposed to biologically significant radiation [1, 2] .
The lung is relatively sensitive to radiation-induced injury. In the scenario of radiological (nuclear) terrorism, it is likely that radioactive compounds would be aerosolized or at least airborne and make the lung tissue a likely accumulator/target [3] . Victims that receive significant radiation exposure and survive acute radiation syndrome, infection, hemomatopoietic and GI injury, would need to be managed through delayed complications, including interstitial pneumonitis, chronic renal failure, and developmental abnormalities. A large percentage of people receiving radiation to the chest will develop either symptomatic injury or asymptomatic reduction of pulmonary function. The typical injury occurring within 3-6 months of irradiation is manifested as pneumonitis [4] , which presents as a cough, shortness of breath, and occasionally, fever. Pneumonitis is characterized histologically by loss of epithelial cells, airspace and interstitial edema, and inflammatory infiltrate. Later phase injury appearing 6-12 months post-irradiation manifests as interstitial fibrosis, focal scarring, and loss of alveoli that results in a progressive shortness of breath.
This study is part of the Center for Radiation Injury Intervention (www.centrii.org). CENTRII is one of five Centers for Medical Countermeasures Against Radiation (CMCR's) established by an RFA from NIH/NCI. The center is developing animal models of irradiation injury and methods to triage, mitigate and treat it [5] . Our group concentrates it efforts on understanding and treating radiation-induced lung injury. This study we use a rodent (rat) model of penetrating radiation injury confined to the thorax towards the goal of developing strategies to detect, quantify, and mitigate pneumonitis and pulmonary fibrosis. Our focus in this paper is the use of microfocal X-ray imaging to quantify changes in the pulmonary arterial structure near the acute phase of radiation-induced pnuemonitis.
METHODOLOGY

Injury model
A Pantak HF320 orthovoltage system (Therapax, Danbury, CT, USA) was used to irradiate the thorax of female WAG/Rij/MCW rats (110-170 gm) with 5Gy (N=24) or 10 Gy (N=104). These doses are significantly lower than used in many previous studies of radiation induced lung injury [6] [7] [8] [9] [10] . The rats were placed in a plexiglass holding jig and customized lead shielding was used to limit radiation exposure to the thorax. More details on the irradiation physics and methods are described previously [11, 12] . The absolute dose was measured using a calibrated Farmer-type ionization chamber. The radiation dose was delivered by two equally-weighted lateral beams in order to improve the dose uniformity. The whole lung is in the field, plus the heart and a small amount of the liver. All the studies were done under approval of the Medical College of Wisconsin and Zablocki VA Medical Center IACUC review boards and in compliance with the National Research Council's Guide for the Care and Use of Laboratory Animals. Irradiated rats and their age-matched controls were studied at time points of 3-days, 2-weeks, and 1, 2, 5, and 12-months after irradiation.
Lung preparation, imaging and analysis
Methods and analysis follow those previously described [13] . Briefly, rats were anesthetized with sodium pentobarbital (40mg/kg), heparinized and blood sampled from the right ventricle via midline sternotomy, the trachea and pulmonary artery were cannulated, the heart excised and lungs removed. The heart, the right ventricle was dissected away from the septum and right ventricular hypertrophy was assessed as the ratio of the weight of the right ventricle to that of the left ventricle plus septum (RV/LV+S). The lungs were hung by the cannulae, ventilated, sighed, rinsed of blood, and perfused with a 5% BSA physiological saline solution (Equitech-Bio Inc, Kerrville, Texas, USA).
Ventilation was halted at an airway pressure of 6 mmHg and pulmonary artery pressure was measured at perfusion flow rates of 30, 20, 15, 10, 5, and 0 ml/min to measure pulmonary vascular resistance. For comparison of pressure vs. flow between lungs, flow rates were normalized by total body weight. For imaging the lung placed in a humidified specimen holder, ventilation was again halted at an airway pressure of 6 mmHg. The perfusate was replaced with perfluorooctyl bromide (PFOB, 1-bromo-perfluoro-octane, Crescent Chemical Co. Inc, Islandia NY, USA) for X-ray contrast. PFOB does not pass through the capillary bed, so intravascular pressures can be maintained constant hydrostatically. Vessels were conditioned by cycling the intravascular pressure from 0 to 35 mmHg several times, then intravascular pressure E E E N was set to 30, 21, 12, and 5 mmHg and low-and high-magnification microfocal angiographic imaging performed at each pressure. For CT imaging, the lungs were rotated in the X-ray beam at 1 o increments to obtain 360 planar images and the source-to-object distance was approximately 29 cm. Figure 1 shows example low-magnification images from a 0Gy control and a 10Gy irradiated rat lungs 2-m after the start of the protocol. For high-magnification planar images, the source-to-object distance was decreased to approximately 3 cm. Figure 2 shows example high-magnification images in lungs from 0Gy control and 5 and 10Gy irradiated rats, 3-d, 2-wk, 1-m, 2-m, 5-m, and 12-m after the start of the protocol (post-irradiation). In both modes of imaging, source-to-detector distance was 89.0 cm, the source voltage set to 41 kV and source current to 140 μA. The imaging system is composed of a Feinfocus FXE/FXT 100.20 microfocal X-ray source (3 μm effective focal spot), a Thomson TH9438 HX H661 VR24 image intensifier (detector) optically coupled to a Silicon Mountain Design (SMD1M-15) CCD, and a New England Affiliated Technologies (NEAT) specimen micromanipulator stage, all mounted on a precision rail with positional information provided by Mitutoyo linear encoders accurate to 10 μm. The camera was set for 512x512 pixel resolution and data transferred via RS-422 interface to a frame grabber board mounted in a Dell 610 workstation. Each planar projection image was a result of averaging 7 frames on the frame grabber to reduce noise. Image acquisition and positional control were preformed by software written in-house, running under WindowsNT. After preprocessing, that compensates for field distortions and nonuniformities introduced by the imaging chain [14] , low-magnification planar images were used to create isotropic CT reconstructions through an implementation of the Feldkamp cone-beam algorithm [15] . The typical isotropic volume was 497 3 pixels with a pixel size of approximately 70 μm.
Arterial distensibility
Arterial distensibility was measured using previously published methods [13] . Briefly, isotropic CT volumes were used to map and measure the main pulmonary trunk at each intravascular pressure. To estimate vessel segment diameter, the grayscale image data was fit, using an unconstrained multivariable non-linear optimization function 'fminunc' in the Matlab (MathWorks, Natick, MA) optimization toolbox. An estimate of arterial distensibility was then made by fitting 
um
It I the diameter vs. distance from the main trunk inlet vs. intravascular pressure to a morphometric model of the pulmonary arterial tree, also performed using the Matlab fminunc function.
Microvascular density
Differences in microvascular density could be visualized in high-magnification planar arteriograms. Rats receiving radiation had perceptible decreases in microvascular density. In this study, we investigated 2 image processing methods to quantitatively estimate a microvascular density index (MVDi) from high-magnification planar angiograms of the right, lower lung lobe. Matlab code was developed to provide a user interface for the analysis of planar images. Lungs were analyzed at an intravascular pressure of 30 mmHg, at which changes in microvascular denisty were best visualized. The first method used a 'large' 200x100 pixel primary region of interest (ROI) and a second smaller 25x25 pixel ROI subregion within the first, both designated by an operator. The second method only requires that the initial 200x100 pixel ROI is designated. For either method, the planar images were first normalized by dividing by their respective flood field image. The margin of the lung (the lower basal edge of the right lung) was included in the imaged field of view, see 
Background Minimum Method
The Background Minimum (BM) method determines a vascular threshold employing two operator-selected ROIs: The primary ROI is selected along the base of the lung, while a second ROI is selected from within the primary ROI at a location that is free of any discernable vessels, see Figure 3D . This second ROI represents the background lung parenchyma and should only contain vessels that are either too small to be resolved by the imaging system or are not filled with PFOB. The threshold in the BM method is determined as the minimum grayscale value in the background ROI. This minimum value corresponds to the darkest pixel in the background or the 'most vessel-like' pixel available in the background ROI. Using this threshold, the data in the large ROI was converted into a binary image (grayscale value <= threshold corresponds to a vessel (black), otherwise the data are non-vessel (white)), see Figure 5 A & B. The binary ROI was then converted to a quantitative MVDi by dividing the number of pixels that are designated as 'vessel' by the total number of pixels in the ROI.
A B 
Histogram Symmetry Method
In the Histogram Symmetry (HS) method, the operator selects a ROI at the edge of the lung in the high-magnification planar image similar to the BM method, see Figure 3C . For comparison in this study, the same ROI used for the BM method was used for the HS method. A histogram of the grayscale data within the ROI was assembled using 20 bins, see Figure 4 A & B. The HS grayscale threshold was then determined as the mode of the histogram minus the difference between the grayscale value at the 90 th percentile and the mode. Conceptually, the threshold calculated by this criterion can be thought of as determining the variation in the histogram from a [symmetric] Gaussian distribution. In the absence of vessels, a grayscale histogram of a background ROI should approximate a Gaussian distribution. Since pixels resulting from transmission of the X-rays through vessels likely have grayscale values below the histogram mode, we assume the portion of the histogram above the mode will follow a Gaussian distribution. The difference in the grayscale mode and that at a chosen percentile can then be used as a 'scale', see Figure 4A , and subtracted from the mode to provide a threshold value below which pixels will likely contain information about 'vessels'. Our choice for this study was the 90 th percentile, determined through trial and error comparing resulting binary images to grayscale images of the underlying vascular structure. The threshold determined using this criterion was then used to convert the ROI into a binary image, see Figure 5 C & D, and again the binary ROI was transformed into MVDi by dividing the number of pixels that were designated as 'vessel' by the total number of pixels in the ROI.
Statistical analysis
Data on parameters was calculated and presented as mean ± standard error of the mean. All statistical comparisons were performed in SigmaStat 3.0 (SPSS, Chicago, IL) using an unpaired t-test (P≤0.025). If the normality test failed, a MannWhitney Rank Sum test was run to confirm significance. 
RESULTS
Lungs of animals irradiated with a single thoracic dose of 5Gy had remarkably few qualitative or quantitative changes as detected by our methods, although there was a marginal, but significant, increase in right ventricular hypertrophy at 5-m and indication there may be a microvascular density decrease at later end-points. In contrast, animals that receive a 10Gy exposure had significant morbidity and pulmonary vascular changes. receiving a 10Gy dose had significantly lower body weight at 2-m and 12-m, significantly increased pulmonary vascular resistance at 1-m, 2-m, and 5-m, significantly increased right ventricular hypertrophy at 2-m, and a dry lung weight significantly increased at 1-m to 12-m. In addition, pulmonary artery distensibility was significantly lower than agematched controls starting at 2-m and the arteries remained significantly stiffer to at least 12-m. A number of independent observers visualized a decrease in small vessel density in low-and high-magnification planar angiograms of irradiated rats. We developed 2 independent methods for estimating and quantifying a microvascular density index (MVDi) from angiograms of the isolated rat lung. The BM method detected a significant decrease in the MVDi of 10Gy exposed rats at 2-m through 12-m, see Figure 6A . The HS method detected this decrease in microvascular density in the same time-period, and additionally, a significant MVDi decrease in lungs at the 1-m end-point, see Figure 6B . There was less visually identifiable evidence of decreased microvascular density in rats irradiated with 5Gy. The BM and HS methods were used to analyze data at 2-m, 5-m, and 12-m after irradiation with a 5Gy dose. The BM analysis results indicate a significant decrease in MVDi at 12-m, see Figure 7A . However, the HS analysis resulted in no significant difference in the MVDi at this time-point, see Figure 7B . 
CONCLUSIONS / DISCUSSION
In this rat model of radiation-induced lung injury, a single 10Gy dose, limited to the thorax, caused significant pulmonary vascular remodeling [11] . Pneumonitis was evident in the animals at 1-to-2-m post-irradiation, accompanied by increased pulmonary vascular resistance and right ventricular hypertrophy, both subsequently resolving. Using microfocal X-ray imaging, we detected a decrease in arterial distensibility and vascular drop-out, at the same time. Vascular drop-out and decreased distensibility partially resolved, but persisted to 12-m. The pneumonitis was not seen in the rats at the 5-m and 12-m end-point. Many of these finding are consistent with previous studies of radiation injury in the rat lung [16] . The classic radiographic presentation of radiation-therapy induced pneumonitis, with regional or patchy consolidation, was not seen. This is likely do to the relatively low-dose exposure field being nearly uniform across the rat thorax, which is in contrast to what we have found with regional lung exposure in a similar rat model of irradiation [17] . The perfluorooctyl bromide (PFOB) used as the vascular contrast agent does not pass freely through the capillary bed. The luminal diameter at which the PFOB gets restricted depends on local surface tension properties, vascular structure, and the intravascular pressure. Therefore, the apparent vessel drop-out or decrease in microvascular density could be caused by 1) an actual reduction of the number of vessels present, 2) decreased filling because the luminal space has decreased, or 3) decreased filling because vessel distensibility has decreased. Significant perivascular edema existed in the lungs at this end-point [11] . Decrease in the perivascular space is a likely reason for at least some of the vessel drop-out at 2-m. The sudden decrease in arterial distensibility measured at 2-m compared to 1-m [12] , could also be explained, at least in part, by the limited perivascular space. At the 12-m end-point, decreased microvascular density detected through imaging is more likely a result of the luminal loss due to the increased vessel wall thickening seen at this time-point, since perivascular edema is greatly reduced at 12-m. The decreased arterial distensibilty measured at this end-point is likely also a result of the increase in wall muscularization and increased extracellular matrix components, which limit luminal filling at equivalent intravascular pressures.
A B Fig. 8 . Grayscale threshold determined using the Background Minimum (BM) method (A) and the Histogram Symmetry (HS) method (B) in lungs of 0Gy control and 10Gy irradiated rats (B) at end-points of 3-days, 2-weeks, 1-month, 2-months, 5-months, and 12-months. N = 8-11 rats in each group. Mean ± standard error.
A B Fig. 9 . Grayscale threshold determined using the Background Minimum (BM) method (A) and the Histogram Symmetry (HS) method (B) in lungs of 0Gy control and 5Gy irradiated rats (B) at end-points of 2-months, 5-months, and 12-months. N = 7-9 rats in each group. Mean ± standard error.
Interestingly, besides increased right ventricular hypertrophy at 5-m in the rats irradiated with 5Gy, there was very little evidence of injury. It was not easy to identify systematic differences in lung microvascular density by visual observation of the high-magnification planar images in rats irradiated with 5Gy compared to their age-matched controls. However, there were indications of decreased microvascular density at later end-points. Although MVDi followed a similar trend in the 5Gy irradiated rats, results from applying the BM and HS methods were inconsistent. At the 12-m end-point, the BM method resulted in a significant difference in MVDi, see Figure 7A , whereas the HS method showed no differences, see Figure 7B . Since the BM method relies on the operators choice of positioning for the background ROI, it is sensitive to finding an ROI that is free of visible vessels. Identifying such a region can be a difficult task in both 0Gy control lungs as well as many of the lungs irradiated with 5Gy. A systematic and rigorous analysis to determine a receiver operator characteristic (ROC) curve was not implemented, however, future ROC analysis and studies to analyze the remaining 5Gy data is warranted.
Although there may be slight differences in the thickness of the lungs at the location of the ROIs that were chosen for analysis, 'anchoring' the border of the ROI to the edge of the lung and choosing a similar location in each lung minimizes any variations in thickness. It is reasonable to assume that the difference in the number of vessels seen and the MVDi quantified by both methods for control compared to irradiated rats, was not due to any bias in the thickness of the lung samples. The assumption is supported by the result that the threshold determined, by both the BM and HS methods, was lower for irradiated animals compared to controls, see Figures 8 & 9. It is also apparent from Figures 8 & 9 that a strategy of applying a simple global threshold does not work for identifying vessels within this data. There tended to be a general increase in the grayscale threshold required for vessel detection from early end-points to later ones. This trend is likely a reflection of a larger airspace-to-tissue ratio present as the lung matures [18] . There is also a dip in the grayscale threshold near the period where the pneumonitis is present, as seen in Figure 8 , which likely reflects the inflammation present in the lungs during this period.
The current study used 20 bins in the histogram of the HS method. This results in a fairly coarse discretization of the grayscale values contained in the ROI. Use of a larger number of bins would have likely resulted in a finer discrimination between 'vessel' and 'non-vessel', since the range of grayscale values that fall into the 90 th percentile bin would be smaller. The sensitivity of the HS method to the number of bins in the histogram and the percentile criterion and the sensitivity of both BM and HS methods to variables such as the size, shape, location, and number of ROIs used to estimate MVDi also warrants further investigation.
In conclusion, with this irradiation protocol, the entire thorax receives a uniform dose and classic radiographic evidence of patchy radiation pneumonitis was not present. Only a slight and mostly homogeneous increase in lung radiopacity was present concurrent with the pneumonitis. The decrease in the grayscale threshold, determined by both BM and HS methods at approximately 2-m in rats irradiated with a 10Gy dose, signifies this increase in lung density, see Figure 8 . Rats that received a 10 Gy dose had physiological differences as early as 1-month post-irradiation compared to their agematched controls. Rats irradiated with 10Gy had changes in vascular structure concurrent with the onset of radiation pneumonitis, detectable with our imaging techniques. Rats that received a 5Gy dose had little measurable injury at any time-point. We also found that changes in vascular structure persist after resolution of the pneumonitis and that both BM and HS methods appears to confirm the visual appearance of the underlying microvascular bed.
